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conductivity metals featuring broad conduction bands whose character is dominantly that of the A site cation Pd or Pt (4) (5) (6) (7) (8) (9) , with the B-site Co 3+ cation in the band insulating and non-magnetic 3d 6 configuration.
In contrast, in the Cr-based analogue PdCrO 2 , the Cr 3+ cations are formally in the 3d 3 configuration (Fig. 1B) . It was therefore not regarded as surprising when PdCrO 2 was observed to be magnetic, obeying a Curie-Weiss law at high temperatures, followed by a transition to 120° antiferromagnetism at a Néel temperature T N of 37.5 K, carrying a localised spin of S=3/2 (10) (11) (12) (13) (14) . Interestingly, from angle-resolved photoemission (ARPES), Sobota et al. found an extremely similar Fermi surface to PdCoO 2 , indicating that the low energy electronic structure is still dominated by the Pd-derived states (15) . A reconstruction of the Fermi surface due to the magnetic order was reported by de Haas-van Alphen measurements (16, 17) . Careful analysis of magnetic breakdown across the gaps opened at the antiferromagnetic (AF) Brillouin zone boundary showed that these gaps are small, on the order of 10 meV (16). Noh et al. subsequently reported bands apparently back-folded across the AF zone boundary in ARPES measurements (18) . Similar spectroscopic signatures are also evident in our own measurements shown in Fig. 1C and D, where weak but clear spectral weight can be observed as replicas of the 'main band' (central hexagonal Pd-derived Fermi surface (15) ) shifted in momentum by the antiferromagnetic ordering vector. D) . Strikingly, the observed reconstructed spectral weight is approximately energy independent over nearly 1 eV, remaining clearly visible at the Fermi level, as evident in the momentum distribution curve (green line in C, E F ± 5 meV), and the measured Fermi surface (D, hν = 120 eV, T = 6 K, integrated over E F ± 25 meV).
The observation of localised 3/2 spins on the Cr sites strongly suggests that, in addition to being magnetic, the CrO 2 layer is Mott insulating (9, 17, 19) . This hypothesis has recently been supported by combined density functional theory (DFT) and dynamical mean-field theory (DMFT) calculations from our own group (Supplementary Text 2) and independent work by Lechermann (20) , which concluded that in the paramagnetic state above T N , the conduction in PdCrO 2 comes from a single band of dominantly Pd character. The Cr-derived states, predicted by standard DFT to produce additional Fermi surfaces (20, 21) , instead form a lower Hubbard band giving substantial incoherent spectral weight 1-2 eV below the Fermi level.
In order to experimentally verify this picture, we have used soft X-ray ARPES to investigate the atomically-resolved electronic structure, tuning the probing photon energy into resonance with the Cr L 2,3 absorption edge (22) . Comparing on-to off-resonant spectra ( Fig. 2A -C ) reveals a marked enhancement of spectral weight of a very weakly dispersing and broad feature centred at approximately 2 eV below E F . The integrated intensity of this feature (I LHB ) tracks the Cr L 2,3 -edge X-ray absorption spectrum (Fig. 2D) , thus establishing its Cr-derived origin. Comparison with the findings from the DFT+DMFT calculations provides strong evidence that this is the spectroscopic signal of a lower Hubbard band. In addition, and consistent with Fig. 1C , we observe a steeply-dispersing metallic band. This band shows negligible change in spectral weight across the Cr L 2,3 -edge resonances (I MB in Fig. 2D ), confirming that it originates from the Pd layers. PdCrO 2 can therefore be considered as an atomic layer-by-layer superlattice of a nearly-free electron metal alternating with a Mott insulator.
Fig. 2. Mott insulating CrO 2 layers.
Soft X-ray ARPES (T=13K) from PdCrO 2 at photon energies of (A) 578 eV and (B) 581.7 eV, respectively tuned off-and onresonance with the Cr L 3 edge. The onresonant spectrum reveals considerable broad spectral weight centred at approximately 2 eV below the Fermi level. The measured intensity of this feature, I LHB , extracted from energy distribution curves (C, integrated over 0±0.5Å -1 ) as a function of probing photon energy is in excellent agreement with the measured Xray absorption spectrum (XAS) across the Cr L 2,3 -edge (D). In contrast, the intensity of the Pd-derived main band (I MB , extracted from fits to momentum distribution curves at the Fermi level) stays approximately constant across the resonance. Given the antiferromagnetic order of the latter, the observation of replicas of the metallic 'main band' shown in Fig. 1C and D might, at first sight, seem unremarkable. In general, when electrons feel an additional periodic potential, for example due to a density wave or magnetic order, the band structure is reconstructed. Replica bands appear, shifted from the original ones by the wavevectors of the new potential, with hybridisation gaps opening at the new Brillouin zone boundaries. This standard picture, however, cannot explain the experimental observations of PdCrO 2 . The spectral weight of the replicas observable by ARPES should fall off rapidly away from the new zone boundaries (23) , with a form equivalent to the well-known coherence factors of Bogoliubov quasiparticles in a superconductor. Experimentally, however, the replicas are clearly observed all the way from the magnetic zone boundary to the Fermi level (Fig. 1C,  D ), an energy range approximately two orders of magnitude larger than the hybridisation gap scale of ~10meV (16) . Over the same energy range the simple 'band folding' model predicts a 100-fold decrease in spectral weight (dashed line in Fig. 3A) , which would render the backfolded bands invisible to ARPES. In contrast, the measured intensity of the reconstructed weight (I RW ) changes by less than a factor of 2 (symbols in Fig. 3A) .
Therefore, the back-folded spectral weight shown in Fig. 1C and D must have a different physical origin. In the following, we show that taking into account the dynamical degrees of freedom of the CrO 2 layer is crucial to understanding the experimental results. To demonstrate this, we start with a minimal model (shown schematically in Fig. 3B ) combining the hopping within and between the Pd and CrO 2 layers with the Coulomb repulsion in the Mott layer:
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where t p (t c ) denote the hopping integrals between the Pd (Cr) sites, g is the interlayer hopping and U the Coulomb repulsion. Here we omit the orbital indices, and assume S=1/2 on the Cr sites for conceptual simplicity. We present the full multiorbital model with S=3/2, the results of which are shown in Fig. 3D and F, in Supplementary Text 3.
The large size of U compared to the other coupling constants allows a standard strong coupling analysis, implemented via a Schrieffer-Wolff transformation (full procedure described in Supplementary Text 3) to derive a low-energy Kondo Lattice Hamiltonian:
The second term captures the effective spin-spin exchange in the Mott layer. The last term describes a Kondo coupling between the localised Cr spin and Pd electrons on the neighbouring sites.
The Kondo coupling allows the Pd electrons to feel the periodic potential due to the AF order of the Cr spins, but does not otherwise affect their basic itinerant nature (first term of the Hamiltonians). The resulting Pd one-electron removal spectral function thus, unsurprisingly, looks like the simple `band folding' model introduced above: it largely follows the unperturbed Pd dispersion, with small gaps opening at the magnetic zone boundary as seen by quantum oscillations (16) , and a weak, strongly energy dependent weight in the reconstructed band ( Fig.  3C, D) . (Fig. 1C) .
In contrast, the removal of electrons from Cr orbitals is drastically altered by the coupling to the Pd layer. It would be impossible to remove an electron from an isolated Mott layer at energies smaller than U. However, for finite interlayer coupling g, a hole created in the Mott layer can rapidly move to the itinerant layer where it can propagate; formally, the Schrieffer-Wolff transformation leads to an effective real space Cr removal operator of the form
. We note two important features of the transformed operator.
Firstly, the process is perturbatively small in g U , a point we return to below. Secondly, it provides a connection between the itinerant Pd electrons and Mott spins. This results in the spectral function for the removal of electrons from the Mott layer becoming a convolution of the itinerant electron spectrum with the spin correlation function of the Mott layer:
In this way, the spin response of the Mott layer and the charge response of the itinerant layer become intertwined. In the case of AF ordered PdCrO 2 , the mean-field spin correlation function is a delta function at zero energy and the AF wavevector. The resulting prediction (Fig. 3E, F) is that Cr spectral weight now exists at energies much lower than U, and that it follows the dispersion of the nearly free electron Pd band but translated by the wavevector of the AF order. These calculations are in good qualitative agreement with the experimental data shown in Fig.  1C .
We stress that the two different models for the reconstruction of the electronic structure (band folding due to a modified potential and intertwined spin-charge response) make qualitatively different predictions in at least two key ways. Firstly, as discussed above, standard band folding predicts a spectral weight of the replica band that dies off extremely quickly with energy away from the magnetic Brillouin zone boundary. In contrast, the intertwined spin-charge model has no inherent energy dependence of the reconstructed weight; momentum dependence of the interlayer coupling constant g can still give small system-specific variations (Supplementary Text 3.2 and Supplementary Fig. S5 ), but in general the energy dependence of the reconstructed weight will be weak. As shown in Fig. 3A , observation is in close agreement with the latter prediction. The second and even more striking prediction is that the back-folded spectral weight, despite appearing as a sharp band-like feature, is actually a property of the Cr removal spectral function. This is in stark contrast to the broad incoherent weight typically associated with spectral functions of Mott insulators.
A further key diagnostic for the validity of the intertwined spin-charge model is therefore to establish the underlying atomic origin of the reconstructed spectral weight. To do this we again use soft X-ray ARPES to show that the reconstructed weight (I RW ) is markedly enhanced when the photon energy is tuned to the Cr L 3 -edge resonance (Fig. 4A, B) . Moreover, quantitative analysis of measurements performed at lower photon energies shows (i) that the photon energy dependence of the reconstructed weight closely traces that of the Cr-derived lower Hubbard band (Fig. 4C) , and (ii) that its ratio to the Pd-derived main band intensity tracks the Cr 3d : Pd 4d ionic cross-section ratio (Fig. 4D ). These observations all point to a dominant Cr character of the back-folded spectral weight.
Equation ( in the Pd spectral function. While ARPES matrix elements prevent us from making a direct quantitative measurement of the intrinsic relative weights, comparison with the ionic crosssection ratio shown in Fig. 4D indicates that their ratio is on the order of 1%. With U = 4eV the inter-layer coupling g is thus estimated to be on the order of 100 meV, which is consistent with values derived from a density functional theory analysis of inter-layer hopping (Supplementary Table S1 ).
Our data and analysis provide strong evidence that the spectroscopic information obtained from ARPES measurements on PdCrO 2 is determined by a Kondo coupling of nearly free electrons in metallic layers with localized electrons in a Mott insulating state in adjacent layers. This realization is, we believe, exciting for a number of reasons.
The first of these is the possibility to obtain magnetic information from ARPES. While the development of spin-resolved detectors has opened new opportunities to study spin-polarised itinerant bands, ARPES would still not be expected to be sensitive to finite q local moment magnetism. Our findings show that this need not be true. Moreover, the analysis presented The ratio of I RW to the weight of the 'main band' (I MB ) is strongly photon energy dependent. It follows the functional form expected for the Cr 3d : Pd 4d ionic crosssection ratio (26) , scaled by a factor of ~0.023, the origin of which is the spectral weight suppression factor of ( ⁄ ) ! predicted by the intertwined spin-charge model (Equation 3). above does not rely on the existence of static magnetic order, and could equally well apply to a disordered system with a peaked susceptibility, of the type discussed in the context of cuprate superconductors (24) . In that case the width of the feature observed in photoemission would be related to the antiferromagnetic correlation length and time. Our work thus opens possibilities to investigate both static and dynamical spin susceptibilities in systems which might be inaccessible to more traditional magnetic probes such as neutron scattering.
Furthermore, our work emphasises the novel setting that interfaces between metals and Mott insulators provide, with potential for realising new physics. For example, if the relevant spinsusceptibility of the Mott layer is dynamical (ω≠0), our intertwined spin-charge model predicts that removal of an electron from the Mott layer yields excitations reminiscent of twodimensional spin-charge separation. Spin-charge separation is known in one-dimensional systems, where the underlying spectral function becomes a product of spin and charge correlation functions (25) similar to the Cr spectral function derived here. In one-dimension, the separation requires quantum number fractionalisation. In Kondo-coupled layers of the form investigated here, however, it emerges from the combination of spatial separation and a large Coulomb repulsion, such that one subsystem supports charge excitations while the other one supports spin excitations.
Our work therefore encourages the study of existing Mott-metal coupled systems, as well as motivating attempts to engineer new ones, for example using thin-film growth techniques or via the fabrication of van der Waals heterostructures. Combined with ARPES studies, this could lead to new opportunities for investigating spin correlations in a range of interesting environments, including transition-metal oxide heterostructures, two-dimensional magnetic insulators, and candidate quantum spin-liquids. 
Materials and Methods
Single-crystal samples of PdCrO 2 were grown by a NaCl-flux method in sealed quartz tubes as described in Ref. (11) . They were cleaved in situ at the measurement temperature of 6-13 K. High resolution ARPES measurements (Figs. 1C, 1D, 3A and Supplementary Fig. S1 .) were performed at the I05 beamline of Diamond Light Source, UK, using a Scienta R4000 hemispherical electron analyser. The spectra shown in the main text were measured using ppolarised light, while fits to data taken using both s-and p-polarised light are included in Fig. 3A and Supplementary Fig. S5 . The soft X-ray measurements (Figs. 2 and 4) were performed with p-polarised light at the I09 beamline of Diamond Light Source, UK; the ARPES measurements were performed using a Specs Phoibos 225 hemispherical electron analyser, while the X-ray absorption was recorded in the total electron yield mode, and is normalized by the photon flux.
Further details of the theoretical methods are described in the Supplementary Text.
Supplementary Text

1) Density Functional Theory
Scalar-relativistic density functional theory (DFT) electronic structure calculations were performed using the full-potential FPLO code (27) (28) (29) , version fplo18.00-52. For the exchangecorrelation potential, within the local density approximation, the parameterization of PerdewWang (30) was chosen. To obtain precise band structure, the calculations were carried out on a well converged mesh of 8000 k-points (20x20x20 mesh, 781 points in the irreducible wedge of the Brillouin zone). For all calculations, the experimental crystal structure was used (13) .
From the converged calculation, a 10-band tight-binding model (TBM) based on Wannier functions was constructed in an energy window between -3 eV and 2 eV. For the TBM, all Cr 3d and Pd 4d orbitals were taken into account. This results in very good agreement with the DFT bands in the relevant energy window near the Fermi level (see Supplementary Fig. S1 ). The extracted tight binding integrals and on-site energies (see Supplementary Table S1 ) were used as input parameters for the strong coupling theory (see Supplementary Text 3) . 
2) DFT+DMFT calculations: spectral function
DFT + dynamical mean-field theory (DMFT) calculations for PdCrO 2 were carried for its experimental lattice structure (a=2.92 Å, c=18.09 Å) with a charge self-consistent framework (31, 32) combining the linearized augmented planewave band-structure code "Wien2k" (33) and the DMFT implementation provided by the library "TRIQS" (34, 35) . Projective Wannier orbitals representing Cr 3 and Pd 4 states were constructed from Kohn-Sham bands in the energy range of [-5:11] eV. The rotationally-invariant on-site Coulomb repulsion vertex between Cr 3 orbitals was specified by the Slater parameter F 0 = 4.5 eV and Hund's rule coupling J H = 0.75 eV. We solved the DMFT quantum impurity problem employing the quasi-atomic Hubbard-I approximation (36) . The double-counting correction was evaluated in the fully-localized limit using the atomic occupancy 3 of the Cr 3 shell. Self-consistent DFT+DMFT calculations were converged to 0.05 mRy in the total energy.
The resulting total k-resolved DFT+DMFT spectral function , is displayed in Supplementary Fig. S2 . Within the Hubbard-I approximation the DMFT self-energy has no imaginary part, hence, there is also no lifetime broadening in our resulting , . Apart from this, however, our calculated spectral function is in excellent agreement with that obtained in Ref. (20) using a numerically exact quantum Monte Carlo method (one may notice a rather weak lifetime broadening for the occupied part of , shown in Fig. 3 of Ref. (20)).
The largest contribution of the Cr 3d character to the DFT+DMFT , is seen in the range from -2.5 to -2 eV, in good agreement with the location of diffuse spectral weight in the experimental on-resonance ARPES (Fig. 2B of the main text) . There is almost no Cr contribution to the dispersive bands crossing E F , confirming that they are of dominant Pd 4d character. 
3) Strong coupling theory
The demonstration of a Mott insulating state of the CrO 2 layers justifies the strong-coupling theory for the spectral function of the PdCrO 2 utilised here. While we show a simplified version without the orbital degree of freedom in the main text, here we employ a more realistic fourorbital model:
where !" represents the !! ! !! ! orbital of Pd electrons on the th site, while !"# represents the 3 orbitals of Cr electrons. Table S1 . Table of hopping parameters.
The obtained form is identical to that of the simplified version (Equation 2 of the main text) but with = 3/2 rather than = 1/2 . The last term can be thought as the Kondo coupling between the local Cr spin ! and neighbouring Pd electrons. Representative values are determined from the DFT calculations, and are listed in Table S2 .
These values of superexchange interactions J ij between Cr S=3/2 spins are in good agreement with those evaluated from the converged DFT+DMFT results with the linear-response theory of Ref. (37) for several first correlation shells ( Supplementary Fig. S4 ). The obtained values are listed in Supplementary Table S3 . 
We can neglect terms with ! (!) = !"" since being the Heisenberg representation (for the effective Hamiltonian) of an operator . Namely, the low-energy excitation of the Cr electrons is described by a simultaneous disturbance on the metallic layer and the localized spin.
Since the coupling between the metallic and insulating layer is small (~! !"" ), we can decouple the expectation value , .
When the spins acquire a long-range order, the spin correlation function ⋅ ! = ⋅ ! !!"# has a divergent peak at = 0 and characteristic values of . For the present case, the experimentally determined magnetic order (13, 14) has a 120-degree structure, i.e., with = 2 3 , 2 3 , 0 and = 0,0, . With this magnetic order, we obtain the backfolded steep bands as shown in Fig. 3E of the main text.
The spectral intensity of the back-folded band with the momentum shift of ± can be approximated as (fits to the calculated Cr spectral function are plotted as a function of energy in Fig. 3A of the main text (solid line)). This form of the intensity is substantially different from that of the backfolded band of Pd electrons due to the modified potential.
If we consider a bilayer case for simplicity, the 'band folding' model Pd Hamiltonian, with the modified potential due to the 120-degree structure, can be written in a 2×2 form:
The spectral intensity of the back-folded band with the momentum shift of ± is obtained as which rapidly decays as !"~2 /( − ! ) ! as − ! becomes large. We plot this form of intensity in Fig. 3A of the main text (dashed line), with ∆= 5 meV, consistent with the experimental gap 2∆ ~10 meV. We stress that, for such a "conventional" back-folding, the rapid suppression of spectral weight away from the magnetic Brillouin zone boundary is therefore intrinsic. In contrast, in the intertwined spin-charge model, the reconstructed weight in the Cr spectral function is approximately constant, varying only due to momentum-dependent variations of the inter-layer coupling term g k+Q . Our calculations (Supplementary Fig. S5 ) show how this is sensitive to details of the calculation. Including only nearest-neighbour coupling, the spectral weight slightly decreases towards the Fermi level. Including next nearest-neighbour coupling, the spectral weight increases towards the Fermi level. In all cases, the variation in spectral weight is less than a factor of 2 over an energy range of more than 700 meV below the Fermi level, entirely consistent with our experimental measurements shown in Fig. 3A of the main text and Supplementary Fig. S5 . Although varying ARPES matrix elements cause some changes in the binding energy dependence of the reconstructed weight intensity for the different measurement conditions, the measured spectral weight never varies by more than a factor of two over the 700meV energy range. This is in sharp contrast to the prediction of the simple 'band folding' model. While binding energy independent 'shadow features' have previously been observed in materials with superperiodic structures or structural distortions (38), such underlying origins would be inconsistent with the Cr character of the reconstructed weight that we observe. (C) Cr I RW predicted by the intertwined spin-charge model for various combinations of nearest neighbour (nn) and nextnearest neighbour (nnn) hopping parameters. Small parameter-dependent quantitative variations are observed, although the overall binding energy dependence of the reconstructed weight intensity remains weak for all parameters, again in clear contrast to the 'band folding' model.
